Nano mullite powders have been synthesized from calcined kaolin via open hydrothermal process. The powder product was characterized by X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), transmission electron microscopy (TEM) with selected area electron diffraction (SAED) analysis. The results indicated that single phase puncheon-shaped nano mullite with about 140-360 nm in length and 50-80 nm in diameter is produced when synthesized in 4 mol/L NaOH solution at 100 C for 4 h. The grain size of mullite decrease slightly with increasing reaction time from 0 h to 4 h. In addition, nuclear magnetic resonance (NMR) analysis confirms presence of Al 3+ during the whole reaction process, which indicates that there is an absence of growth units of mullite in the open hydrothermal system and the mullite precursor mainly underwent a solution process during open hydrothermal treatment.
INTRODUCTION
Due to its superior thermal and physicochemical properties mullite has been considered as an important material for high-temperature structural, electronical, and optical applications. 1 Besides the traditional applications, many scholars studied new applications of nano mullite. 2 3 For the advantages of short reaction time, low cost, simple equipment, 4 and controllable particle morphology, 5 6 hydrothermal crystallization method has been drawn more and more interesting in preparation of nano-sized powders. [7] [8] [9] To reduce the production costs, Chen 10 and Wang 11 with their co-workers obtained mullite nanocomposites powders from kaolin in an open hydrothermal system. In our previous study, 12 mullite nanocomposites powders could also be synthesized from coal fly ash, coal gangue via open hydrothermal process.
So far, there is no report on single phase nano mullite powders synthesized from raw mineral materials. This paper aims to synthesize a single phase nano mullite powders using kaolin as raw materials via open hydrothermal process, and investigate reaction mechanism during process by X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), transmission electron microscopy (TEM) with selected area electron diffraction * Author to whom correspondence should be addressed.
(SAED) analysis and nuclear magnetic resonance (NMR) analysis.
EXPERIMENTAL DETAILS

Materials and Preparation
The kaolin, NaOH (analytically pure) was purchased from Beijing Chemical Reagent Ltd. In the pretreatment, kaolin was calcined in air at 1400 C for 2 h. As shown in Figure 1 , kaolin and quartz were the major phases in raw materials and after calcination the precursor was mainly composed of mullite and cristobalite. After grinding, the precursors were put in an open and hydrothermal system under normal pressure, and then were treated at 80-100 C for 3-5 h with NaOH concentration of 3-5 mol/L, L/S ratio (liquid in volume/solid ratio in mass) of 10 mL/g.
Characterization
Samples were studied by the following instruments: X-ray diffraction (XRD, Model XD-3), Scanning electron microscopy (SEM, Model hITACHI S-4800), Transmission electron microscopy (TEM, Model JEOL JEM-2100 with GATAN 832 CCD), Magic angle spinning nuclear magnetic resonance (MAS-NMR, Model 300FT-NMR) at 7.05 T and 5 kHz with the standard of Al(NO) 3 
M-mullite; K-kaolin Figure 1 . X-ray diffraction patterns of the kaolin and precursor calcined at 1400 C for 2 h.
RESULTS AND DISCUSSION
Phase Composition
The phase composition results of powders treated at 100 C with 4 mol/L NaOH solution for 0-4 h are presented in Figure 2 . Peaks of mullite crystal which is attributed to the calcined precursor appeared in the sample when crystallized for 0 h, and the cristobalite peaks can also be found. With the thermally treating time increasing, the intensity of cristobalite peaks gradually become weak and decrease slightly. Cristobalite peak disappear after 4 h.
Microstructure of Nano Mullite Powders
The microstructures of the precursor and samples which were crystallized at 100 C for different time are given in Figure 3 . It is clear that puncheon-shaped crystals exist in all the samples. Puncheon-shaped crystals with a relatively length of about 680 nm (60-80 nm in diameter) can be observed in precursor as Figure 3 
Variations of Al
3+ in NaOH Solution According to the anion coordination polyhedron growth unit theory mode which was established by Shi et al. 13 in the open-system hydrothermal, if crystallization procedure is under normal pressure, the growth unit is the complex formed by the attraction of cation and OH − ions, whose coordination numbers are equal to that of the cation in the crystal to be formed. Based on this anion coordination polyhedron growth unit theory mode, the growth units of mullite could be regarded as Al[OH] and Al 30 respectively, and the octahedrons around the cores are undistinguishable in the NMR spectrum. 15 16 The bulgelike at the chemical shift of about 62-72 ppm is too wide to be identified, which hydrolytic aluminum polymers are in the solutions, but we can determine that the NMR peaks of Al[OH] These results indicate that there is no crystallization process of mullite during open hydrothermal process. Schneider et al. 17 summarized that sinter-mullites produced by heating starting materials and essentially via solid-state reactions tend to have 3/2-composition (3Al 2 O 3 · 2SiO 2 . The chemical formula of prepared nano mullite Al 2 3 Si 0 7 O 4 85 (obtained from XRD results) is very close to the 3/2-composition, and this evidence confirms the prepared nano mullite powders were formed from sintering other than from hydrothermal. Mullite crystals are difficult to be dissolved in NaOH solution, especially without system pressure. According to the experiment of Katsuki et al. 18 they prepared porous mullite ceramics from fired kaolin by dissolving excess silica glass using various 51/nm 50 nm 27 Al NAS-NMR spectrum of the solutions hydrothermally treated at 100 C for different time.
concentrations of NaOH at 150 C and 190 C. They found mullite crystals did not dissolve in NaOH solution but were obtained from the dissolution and recrystallization of the glass with some pressure. In this system, the reason for slightly decrease of nano mullite crystals size is because the crystal structure of mullite precursor is incomplete after calcined at 1400 C. Fertani-Gmati et al. 19 had studied the thermochemistry and kinetics of silica dissolution in NaOH aqueous solution, cristobalite dissolved in the same volume of 4% weight of sodium hydroxide solution in a closed cell at temperature up to 130 C, and they also found that such process was depended on the Na 2 O/SiO 2 ratio, the beginning ratio is [3Na 2 O/4SiO 2 ] and the latter transforms into [Na 2 O/2SiO 2 ]. The Na 2 O/SiO 2 ratio of our experiment is far more than [3Na 2 O/4SiO 2 ], so it has a more favorable condition for the dissolution of cristobalite.
CONCLUSION
The optimum condition for synthesizing single phase mullite crystal using calcined kaolin as precursor is hydrothermally treated at 100 C for 4 h with NaOH solution of 4 mol/L. Mullite precursor mainly experienced a dissolving process. The grain size of mullite is about 140-360 nm in length and 50-80 nm in diameter, which is much smaller than that of original precursor. During the stirring and heating-up process, some of the cristobalite crystals were dissolved in the solution but there is little negative influence on nano mullite crystal.
